utilizing LE-Cre to delete the Sip1 gene at the lens placode stage, demonstrated that this gene is important for the separation of the lens vesicle from the presumptive corneal epithelium [3] . However, very little was known about the role of this protein in the lens following this developmental stage. To this end, mixed background mice harboring the Sip1 gene with exon 7 flanked by LoxP (also known as flox) sites (Sip1 flox(ex7) or ZEB2 tm1.1Yhi in the Mouse Genome Informatics Database) [4] were obtained from Dr. Yujiro Higashi (Osaka University, Osaka, Japan). These mice were then crossed to MLR10Cre mice expressing Cre recombinase in all lens cells from the lens vesicle stage onward [5] , which were originally obtained from Dr. Michael Robinson (Miami University, Oxford, Ohio) on an FVB/N genetic background, then backcrossed four generations to C57Bl/6bharN (Harlan Sprague Dawley, Indianapolis, Indiana) in our laboratory. Embryos were staged by designating the day that the vaginal plug was observed in the dam as E0. 5 . In order to genotype these mice, DNA was isolated from adult tail biopsies using the PureGene Tissues and Mouse Tail kit (Gentra Systems, Minneapolis, Minnesota) following the manufacturer's instructions. The DNA was quantitated with an ND-1000 UV-Vis Spectrophotometer (Nanodrop Technologies; Software V3.1.2) and stored at 4°C until use. Genotyping PCR reactions were done using the following recipe per sample: 10 μl Taq PCR mix (Qiagen, Valencia, California), 1 μl forward primer, 1 μl reverse primer, 7 μl nuclease free water (IDT, Coralville, Indiana), and 1 μl of isolated DNA (approximately 100 ng). Mice were genotyped for the presence of the floxed Sip1 alleles as well as the MLR10Cre transgene using previously described primer sets [1, 5] and the following PCR parameters: 30 cycles of 94°C for 30 s, 58°C for 30 s, and 72°C for 30 s, with a final extension at 72°C for 10 min. Gel electrophoresis was used to separate bands on a 2% agarose ethidium bromide gel followed by visualization on a Carestream Gel Logic 212 Pro.
Following several rounds of mating, we obtained mice with the Sip1 conditional knockout (cKO) genotype (Sip1 flox/flox + MLR10Cre), which lacked both alleles of the Sip1 gene from the lens starting at E10.5 onward [1] . These mice had major defects in lens fiber cell migration during development, ultimately leading to cataract formation in the adult. Unfortunately, a candidate gene approach to determine the transcriptional changes responsible for these gross morphological alterations was not fruitful [1] . Thus, we sought to use an unbiased approach to determine the global changes in the transcriptome of Sip1 cKO lenses at E15.5, which represents the developmental stage immediately proximal to the onset of the most obvious morphological change in these mice. Notably, at the time this study was performed, no RNA-Seq data had been previously reported for the ocular lens. Although this highlights the novelty of this study, it also posed a question of applicability of this method to such a biased transcriptome as that found in the lens, where the expression of structural genes, such as crystallins, predominates over genes that regulate cell function and phenotype [6] . Therefore, we first examined the ability of RNA-Seq to quantitate the expression of both structural and regulatory genes in E15.5 lenses obtained from inbred mice (C57Bl/6bhar N, denoted "AG" in the GEO datasets). These data were also used to estimate the expression variance observed between biological replicates obtained from this inbred strain, as such animals are expected to lack genetic variability outside of that conferred by the sex chromosomes. We further expanded this investigation to include an RNA-Seq analysis of the gene expression differences in phenotypically normal E15.5 lenses arising solely from genetic background variability. To do so, gene expression was compared between lenses isolated from a genetically uniform inbred strain (C57Bl/6bharN; the AG data set) to that observed for embryos homozygous for the Sip1 flox allele (but lacking Cre), which have a mixed genetic background derived from 129/Sv, C57Bl/6, and FVB/N strains. These Sip1 flox/flox no Cre animals (denoted "WT" in the GEO datasets) are the source of the wild type controls used in both the phenotypic and gene expression analyses of the Sip1 cKO lenses, which have a similar mixed genetic background [1] .
Sample collection, RNA Isolation, and RNA quality control Lenses were collected from E15.5 Sip1 cKO (30 lenses per biological replicate), mixed background wild type (30 lenses per biological replicate), and inbred wild type mice (75 lenses per biological replicate) using micro-dissection, during which the retina, blood vessels, and cornea were carefully removed with forceps. Three biological replicates were collected for each genotype. Total RNA was extracted and isolated using the SV Total RNA Isolation System (Invitrogen, Grand Island, New York) according to the manufacturer's instructions.
To determine the quality and concentration of the isolated RNA, small aliquots of each sample were run on an Agilent 2100 Bioanalyzer using the Agilent RNA 6000 Nano Kit as per the manufacturer's instructions. The RNA integrity number (RIN) and concentration were determined for each sample in order to determine the overall quality and suitability for RNA-Seq. According to the Illumina® TruSeq™ RNA Sample Preparation Kit v2 used for library preparation, a RIN greater than or equal to 8 along with a concentration of at least 0.1 μg is sufficient for mammalian RNA-Seq experiments [7] . Total RNA samples that were of high enough quality were then used for library construction and cluster generation. In this analysis, all samples had RIN values greater than 9.2 and concentrations over 300 ng/μl.
Library preparation and sequencing
Using poly-T oligo attached magnetic beads, mRNA was purified from the total RNA samples and converted to a library of template molecules for cluster generation and DNA sequencing at Global Biologics (Columbia, Missouri) according to the Illumina® TruSeq™ RNA Sample Preparation Kit v2. Briefly, the purified mRNA was mixed with a solution of divalent cations, and then denatured (65°C), eluted (80°C), and fragmented. The RNA fragments were then copied into first strand cDNA using reverse transcriptase and random primers, followed by second strand cDNA synthesis using DNA polymerase I and RNase H. The cDNA overhangs resulting from fragmentation were then converted into blunt ends, and the 3′ ends were adenylated with a single nucleotide base to prevent the fragments from ligating to each other and to provide a hybridization target for the adapters, which have a single thymine residue at the 3′ end. Using PCR, the purified, ligated cDNA products were then enriched to create the final cDNA library.
Each of the adaptor-tagged, single-end cDNA libraries was then bound at both ends to a TruSeq v3 flow cell, forming single strand bridges, which were then amplified by binding single molecules to each strand, forming double-stranded bridges. Each bridge was then denatured to form two copies of covalently bound single-stranded template. This was continued to generate a "cluster" of identical copies. Finally, the reverse strands were cleaved and washed away, leaving only the forward strands. The free 3′ ends of these single strands of DNA were blocked and the sequencing primer was hybridized to each. The resulting cDNA library cluster was then sequenced using the SBS Sequencing Kit on an Illumina HiSeq 2000 Sequencer (University of Delaware Genotyping and Sequencing Center) with 50-cycle singleend (50 bp) reads. Using the Illumina Pipeline software (version RTA 1.13.48/CASAVA 1.8.2), the images were analyzed, and the bases called and translated to generate FASTQ sequence files.
Gene mapping and normalization
Next generation sequencing platforms, such as the Illumina HiSeq, produce tens to hundreds of millions of sequence reads during an RNA-Seq experiment. These large volumes of data can obscure evidence of issues that are introduced during library preparation and sequencing. For this reason, a critical first step in RNA-Seq data analysis is to apply algorithms to examine the data quality. This study utilized both the FastQC tool (http://www.bioinformatics.babraham.ac.uk/projects/ fastqc/) and components of the CLC Genomics Workbench (ver. 6.1, CLC Bio, Aarhus, Denmark) to examine the data for nucleotide usage skews, low per base quality, assignment of ambiguous nucleotides, and unusual sequence content (e.g., overrepresented kmers and sequencing adapters). Additional quality control metrics were also assessed throughout the analysis process to insure the integrity of the sequencing data and the bioinformatic analysis.
Upon confirmation of sequence quality, sequences were trimmed to remove the Illumina TruSeq adapters and poly-A as well as low quality sequence ends (ambiguous base limit: 0, quality limit: 0.01) using the CLC Genomics Server (v. 5.1) Trim Sequences tool. Following trimming, all sequences shorter than 35 bp were discarded. High quality sequences were aligned to the Mus musculus reference genome (Build NCBI-M37.65 Ensembl/MGI annotations) using the CLC RNA-Seq reference mapping algorithm (length coverage: 0.9, identity: 0.8). Reads mapping uniquely to exonic portions of an annotated gene were included in observed count totals on a per gene basis. The number of mapped reads per kilobase of transcript per million mapped reads (reads per kilobase per million; RPKM) was calculated from raw counts to rank the expressed genes. Differentially expressed genes (DEGs) were identified by calculating the variance from a beta binomial distribution using the method of Baggerly et al. [8] against quantile normalized observed counts [reviewed in [9] ] producing per gene p-values that were false discovery rate (FDR) corrected for multiple comparison [10] . This analysis resulted in the identification of 7108 genes whose expression was altered significantly in the Sip1 cKO lens compared to the mixed background WT lenses at a 95% confidence level, corresponding to nearly 30% of the predicted mRNA coding genes in the mouse genome [11] . In order to focus solely on the biologically significant expression changes involved in Sip1 function, we developed a filtering strategy using experimentally derived thresholds that estimate which of these changes are likely to be biologically relevant.
Filtering strategy
RNA-Seq provides investigators with the ability to rapidly sequence millions to hundreds of millions of transcripts, allowing for the quantitative determination of relative transcript abundance within an mRNA pool. Notably, this ability to simultaneously detect highly expressed as well as rare transcripts, while useful when examining the range of global gene expression changes, may also result in the identification of DEGs that are present at levels far below that needed to affect the biology of a cell or tissue. Thus, we sought to determine filtering criteria to minimize the consideration of DEGs whose expression levels could be reasonably hypothesized to be below the level necessary to affect cellular function or phenotype, allowing us to focus on those that are most likely to be biologically significant. First, we attempted to extrapolate the likely abundance of each mRNA at the level of a single cell. Although the mRNA content of a cell can vary greatly depending on cell type, as well as other factors [12] , it has been estimated that a typical mammalian cell contains approximately 500,000 molecules of mRNA [13] . As RNA-Seq data is often normalized and reported as RPKM, a rough estimate equates 2 RPKM to represent approximately one mRNA molecule per cell. However, because of the cellular heterogeneity of the lens, it is arguable that not all genes considered to be expressed in the lens are actually expressed in each cell. To account for this, we also mined the WT RNA-Seq data for regulatory genes with known roles in lens biology to estimate how much mRNA would be necessary to affect lens biology (see Table 1 ), and found that the vast majority of genes with known functions in the lens are expressed at levels greater than 2 RPKM. Based on these estimates, we only chose genes with a mean RPKM value greater than two for at least one experimental condition for further analysis. Notably, this threshold also appeared to eliminate signals derived from the minimal amount of contamination from neighboring tissues that is, to some extent, inevitable during murine embryonic lens isolation. For example, the expression of the Krüppel-like transcription factors Klf4 and Klf5, which are abundant in the corneal epithelium [14, 15] , was detected at 0.48 RPKM and 0.09 RPKM respectively, while those for platelet endothelial cell adhesion molecule 1 (Pecam1), a marker expressed abundantly in blood vessels [16] , including the blood vessel network surrounding the embryonic lens (known as tunica vasculosa lentis), were also detected at levels below 2 RPKM in the majority of biological replicates.
These filtering criteria were further validated and refined by considering the effect of genetic background variation on gene expression in the lens by comparing the expression levels for E15.5 lenses isolated from an inbred, and thus genetically uniform, strain (the AG data set) and a more genetically diverse wild type population (the WT data set) that had variable genetic contributions from multiple strains. In total, 1611 known genes (i.e., pseudogenes and unknown/predicted sequences were not included), which were expressed at levels over 2 RPKM in either WT or AG, were found to be significantly different between the two samples at more than a 95% confidence level. Notably, though, the differences in expression level detected between these two datasets were under 2.5 fold approximately 99% of the time (1591 genes out of 1611 genes; see Supplementary Table) . Further, none of the 20 genes altered over 2.5 fold have known functions in the lens, but have been predicted to function in a wide array of cellular processes (Table 2 ). This analysis suggests that changes in mRNA expression above 2.5 fold are most likely biologically/functionally significant, and this threshold can be used to better emphasize the biologically relevant effects of genetic manipulations on the mouse lens.
Application of these filtering criteria (unnormalized RPKM over 2 for either WT or mutant lenses, a change in unnormalized RPKM greater than 2 between WT and mutant lens, fold change greater than 2.5 between WT and mutant lens) to the 7108 genes that were significantly [42] altered in the E15.5 Sip1 cKO lens compared to the WT lens revealed 190 unique, DEGs with a high likelihood of being relevant to the function of Sip1 in the lens [1] .
Data mining iSyTE to determine the usual expression changes for Sip1 cKO DEGs during lens development
To further investigate the relevance of the 190 Sip1 cKO DEGs to lens biology and to determine their likelihood of being direct Sip1 targets, we sought to compare these candidate genes with existing lens developmental gene expression data in the web-based resource iSyTE (integrated Systems Tool for Eye gene discovery; http://bioinformatics. udel.edu/Research/iSyTE) [17] . iSyTE contains gene expression microarray datasets generated on the Affymetrix Mouse Genome 430 2.0 Array platform for wild type outbred ICR mouse lenses at stages ranging from the lens pit/early lens vesicle (E10.5; onset of Sip1 protein expression in the lens [1] ) to the lens vesicle (E11.5) and early lens (E12.5). Moreover, iSyTE contains microarray datasets on the same platform for mouse whole embryonic tissue without eyes (whole body, WB) from pooled stages E10.5, E11.5, and E12.5 [17] . All microarray datasets in the iSyTE study are deposited in GEO (accession number GSE32334), and their analysis has been described in detail [17] . While the lens datasets provide information on the dynamics of gene expression in the developing lens over this period, a t-statistic comparison of the lens dataset at each stage with the WB dataset expands the analysis to include the estimation of whether candidate genes exhibit "lens-enriched" expression compared to the remainder of the body. Here, the iSyTE lens microarray database was interrogated to compare how the 190 DEGs identified in the Sip1 cKO lens normally change in gene expression between the onset of Sip1 expression at E10.5 and at E12.5, when Sip1 protein expression in the lens is robust [1] . Based on this comparison, the DEGs in the Sip1 cKO lens were binned as follows: (A) significantly higher (p b 0.05) in the E10.5 lens when compared to E12.5 lens; (B) significantly lower (p b 0.05) in the E10.5 lens compared to E12.5 lens; (C) not significantly expressed (detection p-value N 0.05) in either the E10.5 or E12.5 lens; (D) not found in the processed Affymetrix dataset; and (E) expressed at levels that are not significantly different between E10.5 and the E12.5 lens. Application of this specialized filter based on normal gene expression changes in the lens that occurs coincident with the onset of Sip1 expression allowed us to narrow down which DEGs are likely to be under Sip1 control. Indeed, a significant number of genes downregulated in the Sip1 cKO mutant lens were found to be upregulated in the normal lens as it progresses from E10.5 to E12.5. Conversely, a significant subset of genes that were upregulated in the Sip1 cKO lens were found to be downregulated in the normal lens as it progresses from E10.5 to E12.5. Thus, based on their dynamic expression pattern in the normal lens, this analysis led to the identification of a subset (n = 78; 41%) of the 190 Sip1 cKO DEGs that we believe are strongly dependent on Sip1 function and warrant further investigation to determine their contribution toward the abnormal lens phenotype of the Sip1 cKO mice.
Discussion
While a candidate gene approach is a useful method that can be used to elucidate the mechanisms underlying a biological process, this approach is inherently biased, and often fails in scenarios where the complexities of a protein's function are not fully known. Sip1 was first described biochemically as a Smad interacting protein and, as such, its function has been intensely investigated in relationship to Smad/ transforming growth factor beta (TGFβ) superfamily regulated processes, such as fibrosis and cancer [18] . However, Sip1 is also expressed during development and plays important roles in the formation of the lens, although it does not appear to regulate the same genes during lens development/wound healing that it does in diseases arising outside of the lens [1, 3, 19] . Thus, after our candidate gene analysis did not uncover the function of Sip1 in the lens, we performed RNA-Seq on Sip1 cKO lenses as an unbiased approach to better understand the molecular function of this complex gene during lens development. Notably, the main strength of RNA-Seq (i.e., its ability to quantitate gene expression changes with high sensitivity) can also be considered as one of its major disadvantages, as large numbers of statistically significant changes are detected that must then be prioritized for further study. One approach that is often utilized for such prioritization is to use software that determines which DEGs share common biochemical or biological functions, such as Ingenuity Pathway Analysis (IPA; http://www.ingenuity.com/ products/ipa), Gene Set Association Analysis for RNA-Seq (GSAASeq; http://gsaa.unc.edu), Database for Annotation, Visualization, and Integrated Discovery (DAVID; http://david.abcc.ncifcrf.gov/), Integrated Protein Expression (iProXpress; http://proteininformationresource. org/iproxpress/), and many others. However, the databases underlying these software tools introduce their own bias to the data analysis as the literature and other information sources used by these tools focus heavily on human disease pathways, which may not be relevant in other biological contexts. Further, such programs typically do not take the transcript abundance into consideration, which can result in unjustified attention to low abundance, non-biologically relevant DEGs. Here, we report an integrated method using computational and biological factors to prioritize genes from an expansive list of statistically significant DEGs identified by RNA-Seq experiments. This approach is particularly useful when available pathway analysis tools fail to identify biologically important changes from a list of statistically significant DEGs. We first developed a filtering strategy to restrict the number of genes under consideration to those likely to be expressed at high enough levels to affect cell biology. Generally, the study of architecturally complex tissues would be expected to make the choice of such a cutoff difficult as each cell type has its own unique transcriptome; however, we believe this is less of a concern in the developing lens as this tissue only has two distinct cell types (epithelial and fiber cells) and one transitional stage (epithelial to fiber cell differentiation). Overall, while it is possible that the 2 RPKM cutoff removes some biologically important genes from further consideration, it is likely that the number of these genes is very low and that the majority of biologically relevant genes are retained in the final list of DEGs.
Unfortunately, after applying this minimal expression level filter to the list of genes differentially expressed between the WT and Sip1 cKO lenses, the number of candidate genes identified was still too large to provide much biological insight. To address this problem, we first compared the lens transcriptomes of two phenotypically normal mouse populations: 1) an inbred strain, which represents a practical source of genetically identical mice, and 2) a randomly bred mixed strain with similar genetic background composition as the Sip1 cKO mice, only lacking the Cre recombinase transgene. This analysis revealed that these two groups of phenotypically normal lenses expressed over 7700 genes at levels over 2 RPKM, of which 1611 of the known genes were expressed at significantly different levels between these two strains. Notably though, the vast majority (99%) of these significant changes were less than 2.5 fold, leading us to conclude that this fold change represents an ideal cutoff for removing noise resulting from strain to strain variation. Thus, we only considered changes in gene expression that were greater than this fold change in our WT versus Sip1 cKO comparative analysis. The 20 genes altered more than 2.5 fold in the AG versus WT analysis were also removed from the Sip1 cKO DEG list as they were likely due to the effect of the mixed genetic background studied. The application of this second filter yielded a manageable list of 190 biologically relevant genes exhibiting differential expression between the WT and Sip1 cKO lens. However, this list did not include any of the known Sip1 target genes, and established pathway analysis tools did not yield any obvious insight into Sip1 function in the lens. Therefore, in order to better understand the function of the 190 Sip1-regulated genes during lens development, we investigated their normal expression patterns during the very early stages of lens development using the bioinformatics tool, iSyTE.
The iSyTE database contains microarray-based datasets that compare the relative expression of genes during the earliest stages of mouse lens development (E10.5-12.5, lens pit through early lens) as well as between the lens and a whole embryonic reference dataset [17] . While the first analysis identifies genes expressed in individual stages of the lens, the comparative analysis of lens datasets with the WB allows identification of genes based on their enriched expression in the lens. Based on lens-enriched expression, iSyTE has been successfully used to help investigators studying the genetic basis of cataracts prioritize, within a mapped interval, the promising candidate genes that are the most likely causing the observed lens phenotype [17] . In this study, the utility of the iSyTE dataset was expanded to compare the normal expression pattern of genes differentially expressed in the Sip1 cKO lens over the period coincident with the onset of Sip1 expression. This approach was particularly useful to determine which expression changes are likely being directly affected by Sip1, as Sip1 is a transcription factor [2, 18] and would thus be expected to directly regulate the transcript levels of its target genes. Integrating the iSyTE filter enabled us to focus on 41% of the 190 DEGs in the Sip1 cKO lens. This led to the identification of not only the candidate genes whose expression needed to be downregulated as the lens progressed in normal development (but were not in the Sip1 cKO mutants), but also the candidates whose expression needed to be upregulated in normal development (but were not in the Sip1 cKO mutants). As an analogous example, misexpression of Foxe3, a highly lens epithelium-enriched transcription factor that needs to be downregulated in the fiber cells during differentiation, beyond its normal site of downregulation, results in abnormal continued expression of other epithelial markers [20] . At the same time, this also causes a defect in the upregulation of fiber cell genes that are expressed at this stage of cellular differentiation. These data reinforce the argument that deficiencies in transcription factors that function as repressors and activators are expected to cause alterations in the up-or downregulation of genes in normal development, in turn contributing to the pathogenesis of the tissue in mutant phenotypes. Therefore, DEG datasets that result from deficiencies of such regulatory proteins need to be analyzed with reference to the appropriate developmental stage and tissue context to prioritize important candidates.
In conclusion, the ocular environment changes dramatically as the lens vesicle closes, and understanding the global changes in gene expression as well as the function of individual genes during this stage is of critical importance for understanding lens development. This RNASeq analysis performed on lenses lacking Sip1 allowed us to show, for the first time, that an important function of Sip1 is to repress the expression of genes which are found in lens precursor cells, but should turn off during normal lens development [1] . Notably, we also found that this function of Sip1 was recapitulated during the lens wound healing response following cataract surgery in adult lenses, further emphasizing that this role is likely to be very important in the lens [19] . Overall, our various analysis filters allowed us to narrow down an unmanageable list of differentially regulated genes from 7108 candidates to 78 (a reduction of over 91 fold) that are highly relevant to our understanding of Sip1 function in the lens.
